We carried out an analysis on the genomic organisation of the tRNA family in S.cerevisiae; eight clones were characterized by restriction mapping, hybridization and sequencing. These data taken together with our earlier findings show that the individual tRNA 3 copies are identical only in their structural part but embedded in entirely different genomic environments. All of the tRNA genes identified here are flanked by elements such as Ty, delta, sigma, and tau. In some cases, sequences from different elements form complex patterns indicating a sophisticated history of these chromosomal regions. A novel observation is that Ty and delta in the regions analyzed are exclusively associated with the tRNA genes.
INTRODUCTION
In the yeast, Saccharomyces cerevisiae, the major tRNAs are encoded by multiple (usually between 8 and 14) gene copies. The individual members of these gene families are scattered throughout the genome and constitute singular transcriptional units (1) . Analysis of a variety of yeast tRNA genes (2) has revealed a unique feature in their genomic organisation: they are frequently associated with transposable elements such as delta, Tyl or Ty2 (e.g.:3-8), sigma or Ty3 (9) (10) (11) , and tau (12, 13) . In several cases, rather complex patterns are formed between two or more of these elements (e.g. :7,14) . Also polymorphic situations have been identified (14, 15) which differ by the presence or absence of particular elements. Whereas Ty or delta elements have been found in conjunction with a number of protein-coding genes (review,16), sigma or Ty3 (9) (10) (11) and tau (12, 13) , so far, have been encountered only in conjunction with tRNA genes. The apparently non-random occurrence of all these elements together with tRNA genes is intriguing and challenges questions about their functional significance: (i) in evolutionary terms, the elements may play a role in the multiplication and mobilization of tRNA genes; (ii) the elements, because of their proximity to the initiation of tRNA transcription, may confer some special transcriptional properties on the adjacent tRNA genes, or they may play a role in the control of expression of certain tRNA genes or subsets of tRNA genes.
Suitably, these questions can only be approached by the analysis of a particular tRNA multigene family, a prerequisite for functional studies being the knowledge of itB genomic organisation at the molecular level. We have earlier characterized three members of the tRNA 3 gene family (17, 18) and have now analysed nine clones from a yeast cosmid library that carry tRNA U genes. This analysis shows that the tRNA U coding sequences are spread throughout most of the chromosomes and are embedded in different molecular environments. A similar situation is seen for five other tRNA genes that were localized on the cosmid clones. However, the tRNA flanking regions are extremely rich in all types of transposable elements, whereas no such elements could be detected in more distal regions; this is a particularly novel observation for the Ty and delta sequences. Furthermore, the complex patterns of elements associated with the tRNA genes suggest that the tRNA genes mark regions of a pronounced chromosomal plasticity. As judged from micro-injections into Xenopus oocytes, all of the tRNA gene copies are actively transcribed. The level of expression, however, was found to vary proposing that the flanking regions -and possibly the different types of the elements-have a modulating effect in transcription.
MATERIALS AND METHODS Chemicals and enzymes.
[oi-PjdATP, [k-P]dCTP, and carrier-free P-phosphate were purchased from Dupont (New England Nucl. Corp.). Na I was from Radiochemical Centre, Amersham. Restriction endonucleases were obtained from Boehringer Mannheim GmbH or Biolabs, respectively, and used according to the manufacturers' instructions. T4 DNA ligase, E.coli DNA polymerase, DNA polymerase (Klenow fragment), and calf intestine alkaline phosphatase were from Boehringer Mannheim GmbH. Cloning procedures, DNA preparations and analyses. To construct a yeast cosmid library, total high molecular weight DNA from a wild-type yeast strain (C836) was partially digested with Sau3A , and the resulting restriction fragments were size fractionated in two steps: (1) centrifugation in a NaCl gradient (1.25 to 5 M) at 39000 rpm for 3 h in a SW41 rotor of the Beckman ultracentrifuge; (ii) electrophoresis of single fractions on a 0.4% agarose gel. Fragments in the 35-45 kb size range were then ligated to the independently isolated arms (i.e. the 10.0-kb Clal-BamHI fragment and the 7.7-kb BstllE-BamHI fragment, respectively) of the cosmid vector pYc3030 (19) . The procedures for ligation (20) , in vitro packaging into phage lambda and transduction (21) of E.coli strain 490A followed standard protocols.
Appropriate fragments from selected cosraid clones were subcloned into pBR322 or H13 derivatives and DNA prepared by standard procedures (20) . Restriction analysis was performed by standard procedures (20) and by the fast procedure according to Rackwitz et al. (22) . Sequence comparisons and alignments were performed on a MicroVaxII workstation in conjunction with sequence data from GenBank and EHBL Bank, respectively.
RESULTS
Construction of a yeast cosmid library, isolation and characterization of clones specific for tRNA genes and elements.
To accommodate the whole yeast genome in a minimal number of clones and, likewise, to gain access to extended genomic regions, we constructed a cosmid library using the shuttle cosmid vector pYc3030 derived from the cosmid vector pHC79 (19) . High molecular weight DNA was partially digested with $au3A and size fractionated; fragments in the 35 -45 kb size range were then cloned into the BamHI site of pYc3030. 2x10 cosmid clones were screened by colony hybridization (20) for the presence of a tRNA U 3 gene using an appropriate DNA segment from pY5 (17) as a probe. 153 positive clones were then characterized through restriction analysis with BamHI, Clal, Hindlll, Sail, and Xhol. Redundant clones were sorted out and a final set of nine unique clones (designated cYHl, cYH5, cYH7, cYH35, cYH55, cYH82, cYH98, cYHlOl, and cYH118; Fig. 1 ) were subjected to further analysis. In addition to hybridizations with the tRNA U 3 probe, restriction fragments from the various cosmid clones were hybridized with I-labelled total yeast tRNA to localize further tRNA genes (not shown). Genomic organization of members of the tRNA U 3 family. (ii) The analysis enabled us to record the whole spectrum of transposable elements associated with the single members of a tRNA gene family.
Variations were found ranging from complex patterns formed by several of the elements, in some cases containing complete Tys, to divergent or remnant sequences of the elements: three of the tRNA G U copies (pY106, cYH1118/pY5, and Tyl-17) carry Ty elements inserted into the 5' flanks. pY20 and pY80, which represent an 'allelic' pair with respect to tau, contain an intact delta. Divergent or truncated deltas were found next to the tRNA 3 genes in cYH5, cYH35, CYH82, cYHl, and cYHlOl. In cYH98, no elements could be detected in the region around the tRNA 3 gene; however, these may become visible only after more extensive sequence analysis. The constellation of the tRNA genes and the elements in cYH118/pY5 is particularly interesting.
The sandwich-like arrangement of two oppositely oriented tRNA genes bracketing a region with several elements is paralleled in Tyl-17 (8) (involving a tRNA U 3 and a tRNA LeU and delta were lost in this case but a tau element had been incorporated, (iii) By using pulsed field gel electrophoresis (27) 
in combination with
Southern hybridizations, we show (Fig.3 ) that the tRNA U gene copies are spread throughout most of the yeast chromosomes. From earlier genomic (18), tested by genomic hybridizations to be unique); b, probe specific for tRNA 3 locus on chromosome II (unique 500-bp Hin^III-BamHI fragment from cYH118/pY5, 2.2 kb downstream from the tRNA U 3 gene; CYH118 was shown to be located between DUR1,2 and MET8 on chromosome II by chromosomal walking from CDC28 towages the right telomere (Stucka and Feldmann, unpublished homologous to the one from clone pYD2 described by DelRey et al. (9) ; in addition to delta and sigma sequences, we found a truncated tau (Fig.l) . The Ala newly detected tRNA gene in CYH98 is 5'-flanked by non-contiguous delta sequences (sequence not shown), and the minor (AGY)tRNA gene in cYH82 is flanked by a truncated delta (31) .
Specific association between tRNA genes and Ty or delta elements. The general picture that emerges from this study is that the tRNA genes mark highly dynamic regions and that the observed patterns of elements are the result of multiple and complex interactions not only involving Ty and delta but in addition Sigma and tau. With respect to Ty and delta, the patterns are a direct reflection of the proposed Ty cycle (34): Ty elements undergo a process of delta-delta recombination, resulting in single delta elements.
These solo delta elements than slowly 'decay' in the genome to produce the observed remnants which may provide fertile substrates for the evolution of new, unique DNA sequences. It has been noted earlier that Sigma (9-11) and tau (12,13) elements are highly specific for tRNA genes. Our data strongly suggest that the majority of the Tys and deltas are also frequently located in the vicinity of tRNA genes. Until today, some 50 out of a total of about 400 tRNA loci (2) have been analyzed to a sufficient extent to reveal the occurrence of these elements associated with them. Altogether, 6 Ty elements and some 30 delta sequences (either intact or rudimentary) have been
identified. An extrapolation of these figures would arrive at a total number of delta sequences that is substantially higher than that estimated from hybridization experiments (e.g.:16), probably around 300.
The close association of the yeast tRNA genes with transposable elements has lead to the suggestion that the tRNA genes might be part of transposition units, and that transposition (or recombination) could account for the presence of dispersed copies of identical tRNA genes in yeast (e.g.26).
Direct proof for such a mechanism would be to show that two members of a given tRNA gene family have extended homologles in their flanking regions.
The results of our analysis of the tRNA U 3 genes, i.e. the diversity of their chromosomal contexts, do not favour such a model. By contrast, our data support the view that all movements of the elements occurred after the tRNA genes had been fixed in their present locations.
The preferred targeting of the elements into the tRNA flanking regions has to consider their potential to interfere with the expression of these genes.
It has been shown in several cases that Ty transpositions into promoter regions of protein-coding genes drastically modify their transcription (review, 16). In the case of the tRNA genes, the accumulation of the elements in their vicinity appears to be non-hazardous to the cell, at the least. The more attractive view is that the elements in these positions might not only be tolerable but even advantageous.
In 
